Abstract: This paper reports on the effects of growth, transfer and annealing procedures on graphene grown by chemical vapour deposition. A combination of Raman spectroscopy, electrical measurements, atomic force microscopy, and x-ray photoemission spectroscopy allowed for the study of inherent characteristics and electronic structure of graphene films.
Introduction
The unique electronic properties of graphene make it of high interest for electronic devices. The two-dimensional single layer of sp 2 -hybridized carbon atoms has charge carriers that exhibit giant intrinsic mobility, have zero effective mass and can travel for micrometers without scattering at room temperature [1] . In combination with a record thermal conductivity at room temperature (~5000Wm -1 K -1 ) [2] , the possibility of structuring and tuning its properties [3] make it an ideal candidate for use in future devices in electronics and energy harvesting such as conducting electrodes [4] [5] [6] [7] , switches [8] [9] [10] [11] [12] , spintronics [13] [14] [15] and sensors [16] [17] [18] [19] . The quality and surface chemistry of graphene is crucial for these applications, as contamination, impurities, morphology and defects can substantially affect its electronic properties and performance in these devices [20] [21] [22] [23] . To date, most studies have focused on graphene produced by mechanical exfoliation and thermal decomposition of SiC. However, the processability and scalability of these processes is limited [1, 24] . The emergence of chemical vapour deposition (CVD) as a growth method has yielded macroscale samples, but these are of varying quality. CVD growth of graphene is a promising industry adapted method. However, post growth processing steps such as transferring and structuring are often aggressive and can cause substrate-induced structural distortion [21] , adsorbates [25] , local charge disorder [20] , atomic structure at the edges [22, 26] , atomic scale defects [23] and effects of trapped oxide charges [27] . These are some of the common factors that one comes across when processing graphene and they can substantially deteriorate its performance, thus it is essential to control the surface chemistry of graphene layers to allow for passivation, controlled functionalization and reliable electrical response. Controlling the surface chemistry of a monolayer during processing is a difficult task, especially when working in ambient conditions. For CVD grown films it has been reported that polymer residue among other absorbed contaminants dominate graphene substrates after structuring, thus extra cleaning steps are required [28, 29] . A few reports propose annealing in vacuum or an ambient atmosphere of forming gas [28] [29] [30] which appears, in some cases, to improve graphene's conductivity [29] . Plasma treatments have previously been used to modify the surface properties of thick graphene based films [31] . However, when dealing with CVD grown graphene films the experimental parameters have to be carefully controlled to minimise surface damage.
In this work we present a comprehensive study on large area CVD grown graphene films using Raman, x-ray photoemission spectroscopy (XPS) and microscopy (atomic force and scanning electron microscopy AFM/SEM). We study the effects of growth, transfer and annealing procedures on the electronic properties of graphene. Furthermore, a new cleaning and reconstructing process of graphene is presented based on plasma cleaning and annealing. The plasma treatment was used as a post-processing step on contacted graphene layers, improving their electrical performance, a crucial ingredient for the applicability of graphene. With extensive analysis based on high resolution C1s spectra, the study further establishes XPS as a powerful tool for graphene characterization, capable of determining metallicity, defect density and contamination on graphene samples. The microscopic examinations reveal that more detailed features become apparent after our cleaning procedures. Thus careful plasma treatments can be used to manipulate the surface chemistry of graphene layers.
Results and Discussion

Pristine graphene
Raman and XPS spectra of as grown graphene on Cu are presented in Fig.1 . The Raman spectrum shows distinct G and 2D peaks associated with long range ordered graphitic sp 2 carbon.
The intensity ratio of the 2D to G (1584 cm -1 ) peaks is, I 2D/G = 2.54 and the 2D peak (at 2663 cm -1 ) can be well fitted with one Lorentzian peak with a width of 37.2 cm -1 . These factors indicate the presence of monolayer graphene [33, 34] . This monolayer signal was consistent over the entire sample area and is comparable with literature spectra for graphene grown on Cu [32] . This is significantly different to graphene grown on Ni substrates which typically consists of domains of few layer (FLG) and monolayer graphene [35, 36] . The fact that the D peak is marginal and the D' (which occurs via an intra-valley double-resonance process in the presence of defects [37] )
is absent, indicates a graphene layer of high crystallinity and low defect density. The XPS spectrum (Fig. 1b) has a well pronounced asymmetry on the higher binding energy side typical of polyaromatic carbons [38] [39] [40] [41] . This implies graphitic structure and conducting films as opposed to non-conducting aliphatic or sp 3 based carbon materials which exhibit symmetric spectra [38] . The spectrum has been fitted accordingly with several peaks that describe different chemical carbon functionalities by taking into account the combined instrumental resolution of the XPS system. The main peak at 284.2 eV has been fitted with a Doniach-Sunjic function [42] which best reproduces the asymmetry on the higher binding energy side. This is an intrinsic property of the system based on the many electron interaction as described from Mahan [43] and Nozieres & DeDominicis [41] . The asymmetry can be measured by the singularity asymmetry factor , which relates to the density of states of the valence band and the rearrangement of the Fermi-edge electron sea upon the creation of a core hole. It can be used as a measure of the screening of the core hole which depends on the level of delocalization of the valence states. It thus gives an indication of the in-plane order and the level of defects and imperfections on the graphitic net. The delocalization is of great importance for the electronic properties and strongly relates to the electrical conductivity of graphene. The peak has an asymmetry factor = 0.07, smaller than that of graphite which has been reported as 0.15 [38] . Highly disordered graphitic structures, such as pyrolytic carbon, for example have higher asymmetry factors ( =0.19 [38] ).
This is due to the larger surface area of edges resulting in higher surface contamination. Slight differential charging is created on disordered sheets (no differential charging on graphite is observed as it is conductive), thus disorder and defects create excitonic states and excitonic screening [38] . The smaller singularity asymmetry factor indicates a graphitic net with higher delocalization of electrons. There is a second peak at 284.8 eV which accounts for sp 3 hybridized carbon bonds due to amorphous aliphatic carbon contaminants and defects. The relatively small height of this peak compared to the graphitic peak indicates marginal traces of other carbon functionalities and an intact graphitic lattice.
Transferred graphene
A typical AFM image, Raman and XPS spectra of graphene transferred onto SiO 2 are depicted in Figure 2 . The AFM image (Fig.2a) shows a substantial amount of contamination on the surface, most likely due to polymer residue, resulting in a root mean square (RMS) roughness value of 11 nm. Furthermore, looking in detail at the step height of the graphene layer to the substrate gives a value of 1.2 nm which is higher than that previously reported for mechanically exfoliated monolayer graphene (~0.7 nm [44] ). However, this value is consistent with previously reported values for monolayer regions of transferred CVD graphene [36] . This suggests that a thin layer, most likely polymer residue, remains on top of the graphene. Looking at the Raman spectrum as depicted in Figure 2b , there are still pronounced G and 2D bands, but a distinct D band is also observed. The enhancement of the D band could be a result of defects created during the transfer process. The intensity ratio 2D to G peaks is now I 2D/G = 1.27. The 2D peak is downshifted to 2646 cm -1 , whereas the width is relatively unchanged (37.7 cm -1 ). Encasement of defects could be responsible for the intensity reduction, whereas the shift could be due to induced charge from dopants [45] (contamination), extra layers [33, 34] or induced strain [46] as the 2D
peak is sensitive to these factors. The situation is further clarified in the XPS spectrum of the same sample shown in Fig.2c . The C1s core level spectrum, fitted in a similar fashion as before, reveals a substantial signal of sp 3 hybridization [47] [48] [49] along with other carbon functionalities, such as C-N [50, 51] , C-OH [52, 53] , C=O [47, 52, 53] , COOH/R [47, 52, 53] , CF-C/C-CF n [54] [55] [56] as previously reported in the literature. The asymmetry factor on the graphitic peak is increased to 0.1, considerably higher than the as grown sample. These results show that the transfer process induces a substantial amount of impurities and different functionalities which are known to alter and in most cases to substantially downgrade graphene's properties [25, 28] .
In an attempt to clean the graphene surface and remove the contaminants we first investigated annealing procedures as have been reported previously in the literature [28] [29] [30] . Two different cases formed the focus of this investigation. In the first case a few layer graphene sample that was grown on a Ni substrate (growth details Kumar et al [57] ) was transferred onto a SiO 2 substrate without the use of polymer support. The sample underwent annealing in forming gas (Ar:H 2 , 9:1) for 10 hours at 900 ˚C. In Figure 3a C1s core level XPS spectra from this sample before and after the annealing step are shown. The full width half maximum (FWHM) of the peak is reduced from 1.32 eV to 0.8 eV after annealing, which is close to instrumental resolution (0.68 eV). This indicates that the annealing led to the removal of substantial amounts of contaminants. In the second case the same experiment was conducted using monolayer graphene which was transferred using polymer support. The C1s peak of the two different samples annealed in the same fashion at 650 ˚C and 900 ˚C are shown in Figure 3b . In the best case (at 900 ˚C) the FWHM was 1.4 eV, which suggests that annealing does not remove polymer residues, whereas this is feasible for low molecular weight adsorbents as shown in the first case.
Plasma treatment of transferred graphene
The use of plasma treatment as a cleaning step has been investigated. Few layer graphene, transferred as before on SiO 2, was treated with oxygen plasma for two minutes. This was carried out in a chamber under a constant pressure of 1 torr and with an oxygen flow rate of 100 sccm controlled by a mass flow controller (MFC). The sample was then annealed for 10 hours in forming gas at 900 ˚C. delocalization. This gives a strong indication that curing of defects on the graphitic net occurs.
The singularity asymmetry factor is 0.12. The singularity asymmetry factor could be an indication of thickness (layers) in a clean graphitic net as it increases with increasing number of layers; 0.07 for monolayer, 0.12 for a few layers and 0.14 [38] for graphite. In Figure 4c Raman spectra before and after the annealing are shown. There is a reduction in the D peak after annealing that further confirms curing of the graphitic net.
A slightly different approach was implemented for the treatment of monolayer graphene.
In this case a more delicate approach was adopted to minimise damage to the graphene. Four continuous cycles of 5 min oxygen plasma treatment with a 60 sccm flow rate at 180 ˚C were followed by 10 min of hydrogen plasma treatment with a 50 sccm flow rate at 270 ˚C. The temperature was intentionally kept below 300 ˚C in order to make this method suitable for structured graphene samples with metal contacts that are sensitive to high temperatures. In Figure 5a an AFM image of the treated sample is shown. The surface looks much cleaner and has a much smaller RMS roughness value of 2.9 nm compared to the untreated case. The step height from substrate to graphene is 0.42 nm, which is close to the theoretical monolayer value (0.34 nm) and is much smaller than what has been published previously for monolayer graphene [44] .
The higher magnification image in Figure 5b shows distinguishable ripples and wrinkles on graphene which weren't observable before the treatment. It's not clear if the wrinkles were covered underneath an overlayer of contaminants and only became visible upon their removal, or if they were created after the treatment. Wrinkle formation has been reported before and was related to the thermal expansion coefficient difference between Cu and graphene [32] Further, strain has also been reported to create wrinkles [58] which are possibly induced during the transfer process or even due to the shrinkage of the polymer overlayer. As an alternative explanation functionalization that occurs during the plasma treatment could also cause shrinkage or bending of areas on the sample [59, 60] .
In Figure 5c a large area (~20x20 m) SEM image of plasma treated graphene is presented. It proves that this method cleans large area graphene films leaving them intact. It is apparent that distinct features become visible which were not resolved prior to cleaning, similar to the observation in the AFM image. The C1s core level spectrum of the sample is shown in Figure 6a . The spectrum comes with an asymmetry on the higher binding energy side of the peak which is located at 284.28 eV. The higher singularity asymmetry factor of 0.08 and the slightly higher binding energy, compared to the spectrum of as grown graphene on Cu shown earlier, indicate a slightly defective graphitic net. Importantly, a second fitted peak at 284.8 eV, which accounts for amorphous carbon content and sp 3 defects, has been substantially diminished, confirming that contributions from polymer residue contaminant have been significantly reduced. Some traces of oxygen bonded carbon groups remain after the treatment. The remaining peak at 284.8 eV related to sp 3 bonds in the graphitic net, may be explained by hydrogen incorporation during the hydrogen plasma step [37] . Raman spectra of the three different steps are compared in Figure 6b . The Raman spectrum after the cleaning shows an enhanced D peak which is indicative of defective graphitic structure and is in agreement with the XPS observations. The G and 2D appear broadened and the intensity ratio is I 2D/G = 0.71. The G peak is upshifted and set at 1600 cm -1 with a larger width as satellite peaks appear on both sides from the main peak. The shift cannot be attributed to doping from contaminants since their concentration has reduced after treatment as shown in the XPS spectrum. A similar Raman spectrum has previously been reported for hydrogen functionalized graphene on a SiO 2 substrate [37] . In this study the shift was only noticeable on graphene laying on a substrate and not on suspended graphene. In the first case functionalization occurs only on the top side of the graphene. This could cause bending of the graphitic net and splitting of the G band as is the case for single wall carbon nanotubes. [61] This could also account for the shift observed. The 2D
band is broadened and centred at 2662 cm -1 and again is indicative of a defective and curved graphitic net signal.
In-situ plasma treatment of contacted graphene
To show the suitability of this cleaning method for structured samples, contacted graphene ribbons, which were fabricated as described elsewhere [42] were measured electrically before and after the plasma cleaning treatment. Graphene ribbons exhibited linear source-drain current versus bias voltages (I ds -V ds ) characteristics and the conductivity increased approximately 1.5-6 times after the plasma treatment process (Fig. 7(a) ). Typical ambipolar characteristics for graphene, with a higher hole conduction and hysteresis were observed in both cases. The fieldeffect mobility was calculated using the conventional method as defined by the following
where L is the length of graphene ribbons, W the width, C ox the capacitance of the dielectric.
The dependence of the source-drain current on gate voltage is shown in Fig. 7(b) . The graphene ribbons have electron and hole field-effect mobilities of 11.2 and 31.9 cm an increase of a factor 4.. This value is less than the best CVD graphene values previously reported by Li et al. [32] . However, their values were obtained on full films rather than ribbons, in a dual gated structure on Al 2 O 3 substrates meaning that their effective field was much larger than ours. We emphasize that these are preliminary results and show the potential of this method when it is applied to contacted graphene. Whilst the focus of this paper is the cleaning of transferred graphene samples it is expected that such plasma treatments could be modified in order to introduce controlled levels of defects and functionalities into contacted samples, thus giving tuneable device properties [62] .
Summary
A comprehensive study involving AFM, Raman and XPS spectroscopies shows that graphene's quality is substantially affected during the transfer and structuring processes. AFM reveals an overlayer content which is believed to be polymer residue as characterized by C1s 
